Objective: Vessel wall volume (VWV) assessed by three-dimensional duplex ultrasound (3DUS) imaging provides a more comprehensive measure of plaque burden than conventional two-dimensional measures of diameter stenosis. We previously demonstrated that manual outlining of the arterial lumen-intima boundary and outer wall boundary can be performed reliably on images obtained with a commercially available 3D-DUS transducer. Manual segmentation, however, is time consuming (w45 minutes), limiting its clinical translation. We have developed a semiautomatic algorithm (manual selection of the carotid bifurcation image with subsequent automatic plaque outlining) to outline carotid plaques on 3DUS data sets. In this study, we investigated the accuracy, reproducibility, reliability, and time taken by this algorithm.
The severity of carotid atherosclerosis has traditionally been the velocity-based percentage stenosis criterion assessed using two-dimensional duplex ultrasound (2DUS) imaging. 1 Two randomized trials have, however, not been able to establish a consistent relationship between the percentage of stenosis and subsequent stroke. 2, 3 Additional measures of plaque severity are therefore required to better quantify plaque burden for The editors and reviewers of this article have no relevant financial relationships to disclose per the JVS policy that requires reviewers to decline review of any manuscript for which they may have a conflict of interest.
0741-5214
Copyright predicting the risk of stroke. 4, 5 Furthermore, with increasing use of pharmacologic management alone for asymptomatic carotid atherosclerosis, accurate measurement of plaque progression or regression is critical to assess the success or failure of treatment. Although 2D imaging is useful in localizing the plaque and measuring its thickness, three-dimensional (3D) imaging visualizes and quantifies the plaque in longitudinal and crosssectional planes. Magnetic resonance imaging and computed tomography provide accurate 3D imaging of the plaque [6] [7] [8] but are not cost-effective for serial assessment. 3D B-mode DUS (3D-DUS) imaging offers a potential clinical tool for repeated imaging allowing monitoring of plaque evolution. 9, 10 3DUS imaging of carotid atherosclerosis can be performed as part of a routine clinical examination and has been shown, by our group and by others, to be reproducible with low operator variability. [11] [12] [13] Atherosclerotic carotid vessel wall volume (VWV) measurements from these 3D images are a more accurate indicator of plaque burden than velocity-based stenosis assignment. 14 We have confirmed that manual outlining of the lumen-intima boundary (LIB) and the outer wall boundary (OWB) to measure the VWV has excellent reproducibility (intraclass correlation of 95%). The VWV was sensitive to growth and regression of plaque, because in repeat imaging, this approach was able to detect a change in plaque volume of at least 12.9%.
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Manual outlining however, is time consuming (w45 minutes per measurement) and resource intensive. These constraints limit its utility in clinical laboratories and in large-scale studies to validate plaque volume as a potential independent marker for stroke risk prediction.
We have recently developed a semiautomatic segmentation algorithm to outline carotid plaques in 3DUS image sets. 15 In this study, we compared the performance of semiautomatic 3DUS plaque volume measurement against manual processing. 13 We assessed (1) the accuracy of this algorithm against manual segmentation of carotid plaques, (2) the reliability of this approach with interobserver and intraobserver testing of this algorithm, (3) the time requirements for completing the semiautomatic process, and finally, (4) the accuracy and reliability of measurements obtained by running only the preliminary stage of this algorithm with an aim of further reducing processing time. This is the first comprehensive assessment of rapid semiautomatic quantification of plaque volume as a measure of disease burden using a clinical 3DUS transducer.
METHODS
This study was approved by the University of Maryland School of Medicine Institutional Review Board. All participants provided informed consent.
Patients. The study enrolled 30 adults with $50% carotid stenosis and no history of stroke or transient ischemic attack. Demographic information was recorded, along with comorbidities such as coronary artery disease, diabetes, hypertension, hypercholesterolemia, smoking, and peripheral arterial disease. All patients underwent standardized US imaging on enrollment, including 2D B-mode grayscale, color-flow, pulse waveform, and 3D imaging. These examinations were used to obtain the velocity-based percentage of stenosis category and volumetric measures of the plaque.
Clinical DUS examination. Patients first underwent routine carotid 2DUS according to Inter-societal Accreditation Commission recommendations using a SonixTouch (Ultrasonix Medical Corp, Richmond, BC, Canada) clinical US machine with a L9-4/38 linear transducer. The percentage of stenosis was estimated using Doppler velocities with appropriate angle correction according to standard techniques used by our group 16, 17 and consensus velocity criteria 1 to define the degree of stenosis for the purposes of inclusion into the study.
3DUS imaging protocol.
Patients underwent carotid 3DUS imaging using the same clinical US machine with a 4DL14-5/38 3D transducer. The 3D probe acquires data by moving a B-mode transducer within a housing in an arc similar to the movement of a hand-held fan. Sequential 2D images are captured as the transducer moves. Imaging was performed using a standardized protocol that we have described previously. 13 The transducer was positioned over the neck so that the sweep of the probe would capture the plaque in all frames. The transducer placement decision is driven by the initial 2D scans and therefore does not risk missing the complete extent of the plaque. Image quality was maximized by using image depth and zoom features, the focal zone was positioned at the midpoint of the artery, and the angle of insonation was maintained at 90 to the longitudinal axis of the artery. The absolute angle is not critical to the performance of the algorithm, and the main purpose is to obtain a good view of the artery. Once the scan was initiated, the scan head acquired a set of sequential 2D images #1 second, while the operator's hand and the patient were held still to reduce cardiac and respiratory movement artifacts.
Manual 3D image analysis. A 3D volume was reconstructed from the series of captured image sequences, providing a complete mapping of the carotid artery in the longitudinal and cross-sectional directions. We use custom software developed with MATLAB (Mathworks Inc, Natick, Mass). Brightness levels were adjusted using an automatic adaptive histogram equalization method with a Rayleigh distribution 18 to enhance visualization of the vessel boundary. Rayleigh distribution adjustment modifies the input image by concentrating most of the image pixels to the intermediate brightness levels. Plaques in each individual 2D cross-sectional image frame within the data sets were manually outlined by one observer according to the protocol developed by our group. 13 The Stradwin (Cambridge, UK) image analysis software was used for this purpose. During segmentation, the LIB and the OWB were outlined with an interslice distance of 1 mm. The starting slice was in the distal common carotid artery (CCA) 15 mm proximal to the carotid bifurcation, and the ending slice was the last slice demonstrating plaque in the internal carotid artery (ICA). We have already reported that the reliability of manual outlining of plaques is high; therefore, we used only one observer for this stage.
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Semiautomatic 3D image analysis. One observer blinded to the manual outlines performed semiautomatic segmentation of the plaque on the same image sets from the 30 patients to enable comparisons between manual and semiautomatic segmentation. A second observer, blinded to the prior manual and semiautomatic segmentations, repeated the semiautomatic segmentation of 10 randomly selected patient image sets to allow assessment of interobserver variability of the protocol because of the involved nature of the analysis. Finally, the first observer repeated the semiautomatic segmentation of these 10 patient image sets to evaluate the intraobserver variability of the protocol. This last measurement was performed after an interval of at least 4 weeks to minimize recall bias.
Fig 1 describes the user interface of the semiautomatic segmentation scheme developed in MATLAB. The initial version of the algorithm showed good promise on some controlled data sets. 15 The refined algorithm has four stages: (1) During the initialization stage, raw B-mode image slices were imported into MATLAB from Stradwin. The converted volume slices were viewed to identify the bifurcation slice. Color-flow and grayscale images obtained during the 2DUS examination were used to guide identification of the bifurcation when necessary. Our protocol ensures the reproducibility of the bifurcation slice selection between different observers. 13 The starting and the ending slices for semiautomatic segmentation were selected in the same manner as for manual segmentation with an interslice distance of 1 mm. This stage thus allowed identification of the bifurcation as well as selection of the specific frames of the transverse images that would be segmented. The user input stage consisted of manually marking six initial boundary points on the LIB and OWB for visualized plaque in each of the frames identified in stage 1. These were fed into the next stage.
The intermediate automatic segmentation stage interpolated the discrete marked points to create continuous boundaries. The initial boundaries obtained at this intermediate stage of the algorithm can be used to obtain an approximate estimate of the plaque VWV and geometry.
In the final automatic segmentation stage, the initial approximate boundaries were refined using a distanceregularized level-set method for evolving LIB and OWB iteratively. A stopping criterion was imposed that analyzed the contours at successive iterations to obtain the final LIB and OWB boundaries for each transverse input image selected in stage 1.
Measurement of the VWV. Results of the manual and final semiautomatic segmentations (stage 4, above) provided the LIB and OWB contours at different locations along the length of the artery. LIB and OWB contours were also obtained at the intermediate stage of the semiautomatic algorithm (stage 3, above). To perform a quantitative comparison of the accuracy and reliability of the plaque volume measurement, the regions between the LIB and OWB (VWV ¼ OWB À LIB) were computed from the 3D reconstructed volumes by each of the three approaches (manual, intermediate semiautomatic, and final semiautomatic).
Statistical analysis. Statistical analysis was performed in MATLAB. The VWV was measured in mm 3 . Continuous data are presented as mean 6 standard deviation. BlandAltman plots 19 and Pearson correlation coefficients were used to analyze agreement between the manual and semiautomatic segmentation approaches. The intraclass and interclass agreements for the semiautomatic scheme at the intermediate and final stages were also evaluated. These provided measures of accuracy and reliability of the protocols. The minimum detectable change (MDC) was used to assess the sensitivity of our protocol to any change in VWV to identify its utility as a surveillance tool in serial imaging. The MDC represents the threshold for change in the VWV above which the observer can be confident that a true change in the VWV has occurred. The MDC was computed at 95% confidence interval as:
where ICC is the intraclass correlation coefficient. We also evaluated the relative variance in the measurements using the coefficient of variability (CV) as: CV ¼ SD=m. The intraclass and interclass correlation coefficients (ICCs) were also used as repeatability measures.
Because we were comparing 3D targets (plaque), it was possible that despite an agreement in numeric volume measurements, the two methods could still be outlining two very different shapes. To quantify agreement in outlined plaque geometric shapes, we measured the Dice similarity coefficient (DSC) and modified Hausdorff distance (MHD) between the manual and semiautomatic methods (intermediate and final contours) for interobserver and intraobserver differences. DSC measures the amount of overlapping area between a pair of contours and ranges from 0 (no overlap) to 1 (complete overlap). 20 MHD is a more formal shape-matching metric that quantifies the amount of dissimilarity between a pair of contours by measuring the average distance in millimeters between corresponding points of two contours. 21 A larger MHD signifies increased dissimilarity between 
RESULTS
Patient characteristics. All patients included in this study had $50% stenosis using velocity measures. Demographic information and risk factors are listed in Table I .
Segmented contours and 3D reconstructed volumes. (Fig 2, A) , bulb (Fig 2, B) and ICA/external carotid artery (ECA) (Fig 2, C) regions as marked manually . Fig 2 (D-F) demonstrates the respective boundaries at the user input stage of the semiautomatic algorithm, where the user marks six points each for LIB and OWB. These points are then interpolated to obtain the initial boundaries, and these boundaries are fed to the automatic stage of the algorithm where these contours evolve to give the final refined contours for the CCA (Fig 2, G) , the bulb (Fig 2, H) , and the ICA/ECA (Fig 2, I ). Fig 3, A and B shows the 3D projection of the outlines derived from individual image slices in the data set, and the reconstructed volumes resulting from them are shown in Fig 3, C (Fig 4, A) shows that the mean differences of the semiautomatic measurements consistently fell within 62 standard deviations of the manual measurements. The bias value (mean difference) between manual and semiautomatic segmentations is À198.8 mm 3 (Fig 4, A) , which is 12.35% relative to the mean VWV for the 30 patients. Bland-Altman plots (Fig 4, B and C) confirm that most of the intraobserver and interobserver values fall within the 95% confidence interval. The bias (mean difference) within an observer (Fig 4, B) is insignificant (w15 mm 3 or 1% of the mean VWV), whereas the bias increases between observers (135 mm 3 ) but remains a small proportion of the mean VWV (7.1%). These results indicate that semiautomatic segmentation is accurate compared with manual segmentation. Geometric measures of reproducibility of semiautomatic segmentation. The DSC for manual vs semiautomatic segmentation as well as the intraobserver and interobserver comparisons for semiautomatic segmentation were analyzed for 525 images and are presented in Fig 5, A and B 
DISCUSSION
We previously reported the feasibility of measuring carotid plaque volume by manually outlining the plaque in cross-sectional images obtained with a clinical 3DUS machine and transducer. 13 Manual outlining was accurate and reliable but was resource intensive, and the processing time of 45 minutes was too long for this to be clinically useful in monitoring plaque progression in patients or in longitudinal research studies with large numbers of participants. In the present report, we evaluated our new semiautomatic segmentation algorithm for accuracy, reliability, the minimum change in plaque volume it can detect, and processing time requirement. We demonstrated that:
1. Carotid artery VWV measurements obtained by semiautomatic analysis of 3DUS imaging using a clinically available transducer were accurate compared with manual measurements (Pearson correlation coefficient, 0.76). 2. The VWV measurements were reliable when repeated by the same (SEM, 1.21%) or different observers (SEM, 4.7%). 3. Advanced shape analysis confirmed the accuracy (DSC, 0.85; MHD, 0.49 mm) and reliability (intraobserver DSC, 0.89; MHD, 0.37 mm) of the semiautomatic volume measurements. 4. Semiautomatic measurements were able to detect a change in VWV of at least 5.6% when a different observer performed the repeat assessment and of at least 3.6% when the same observer did so. These are an improvement over the MDC achieved with manual segmentation. 13 5. Semiautomatic processing for VWV can be accomplished rapidly (mean time, 14 minutes) using currently available software patches that can be readily packaged into clinical US machines. 6. Finally, we demonstrated that initial assessments of the VWV can be obtained rapidly (mean time, 7 minutes) without running the level set refinement (stage 4) of our semiautomatic method. The resulting measures are still accurate and more reliable than manual measurements; however, they do not achieve the same reproducibility as the final output (stage 4) of the semiautomatic method.
Serial 2DUS measurements to assess plaque progression are limited by their inability to reproduce the same longitudinal view. 22 We have shown that luminal diameter and plaque area measurements derived from these 2D images provide inconsistent and unreliable information. 13 Atherosclerosis is not a 2D feature, and plaques grow not only across but also along the length of the carotid artery. A complete mapping of plaque burden therefore requires an assessment of volume that can only be achieved with 3D measurements. We previously demonstrated the feasibility of obtaining 3DUS measurements of carotid plaques in a clinical environment. Some segmentation methods have identified plaque as the region between the LIB and the media adventitia boundary. 23 The media adventitia boundary is often poorly visualized by US imaging, but the OWB, including the adventitial layer, is more reliably recognized. Therefore, the VWV, measured as the difference between the OWB and LIB, is the optimal measure of carotid plaque volume. The VWV, instead of plaque area on 2DUS imaging, is a more reliable indicator of plaque burden, with low interobserver and intraobserver variability in experimental and clinical environments. [11] [12] [13] 23, 24 Using this approach, we found that 3DUS imaging was able to detect carotid plaque volume changes as small as 12.9% when images were manually processed. 13 In comparison, the plaque area on longitudinal 2D images must change by $19% before it is detectable. The manual outlining of plaque boundaries, however, is time consuming, labor intensive, and impractical in a clinical or research environment. We therefore developed a unique semiautomatic segmentation algorithm to reduce postprocessing time. Volume measurements obtained from the semiautomatic method compared favorably with those from manual outlining in 525 images from 30 patients and confirmed the accuracy of our algorithm. Furthermore, the associated geometric shape measurements identified by semiautomatic processing were also concordant with those identified by manual outlining (DSC, 0.85; MHD, 0.49 mm).
Semiautomatic measurements were highly reliable and repeatable, in all likelihood because the algorithm performs a more complex and consistent check on boundary terminations than is possible manually. Semiautomatic methods also require a lower level of operator expertise compared with manual segmentation. Furthermore, visual consistency in manual segmentation is difficult to maintain, especially when dealing with large volumes of data. When semiautomatic processing was repeated by the same or by a different operator, intraobserver (CV, 8%; ICC, 0.9; MDC, 3.62%) and interobserver (CV, 8.22%; ICC, 0.9%; MDC, 5.6%) variability for volume measurements were excellent and improved compared with those achieved with manual outlining. Likewise the shape parameters showed excellent reliability with low MHD and high DSC in the intraobserver and interobserver analyses. In general, the OWB contours showed slightly better correspondence between manual and semiautomatic results compared with LIB contours, primarily due to the larger area encompassed by the OWB. Similarly, the DSC and MHD values were better in the CCA and bulb regions than in the ICA and ECA regions owing to the larger size of the targets. This emphasizes the need for an initial identification and marking of the bifurcation visually and supports our approach of a semiautomatic rather than a completely automatic algorithm.
Our results also confirmed that an even more rapid assessment of plaque volume can be obtained by curtailing the algorithm to its intermediate stage (stage 3). Processing time is reduced to one-half of the complete semiautomatic processing (stage 4) time and one-sixth of the time needed for manual segmentation. The intermediate algorithm is as accurate as manual segmentation but has lower reliability than the complete semiautomatic algorithm. This is reflected in a reduced ability to detect changes in plaque volume (MDC of 4.55% vs 3.62% for the complete algorithm). As with other medical tests, the clinical utility of one approach vs the other will be dictated by balancing the need for high test performance (accuracy, reliability, and MDC) vs resources expended (time and finances).
This study successfully demonstrated that our previous assessment of VWV with manual outlining of plaque can be performed more efficiently (reduced human intervention and computation time) without compromising accuracy, while improving the reliability and ability to detect even smaller changes in volume on repeat imaging. One of the implicit limitations of the current study is a lack of validation against complementary imaging modalities such as magnetic resonance imaging and computed tomography angiography. However, the aims of the current study were met by comparing it against the manually outlined ground truth by an independent observer. Furthermore, the goal of the study was to quantify the effectiveness of 3DUS imaging in measuring change in plaque volume on repeated imaging.
Although a type II error cannot be completely ruled out, our results with manual outlining are consistent with previous publications, and our semiautomatic segmentation findings reflect 1770 comparisons performed on a substantial cohort of 525 images from 30 patients.
CONCLUSIONS
Current clinical assessment of carotid atherosclerosis relies on the velocity-derived percentage of stenosis and subjective evaluations on 2D images. Recent efforts have focused on the development of more comprehensive and reliable tools to measure carotid plaque burden. 3DUS measurements have shown promise in experimental studies, but their utility as a clinical tool still requires validation with clinical outcomes in longitudinal studies. This study demonstrates that semiautomatic plaque volume quantification is accurate, reliable, and sensitive to relatively small changes in plaque volume and can therefore be scaled to the clinical environment and also to longitudinal studies of plaque progression/regression.
